More recently, the CT scanning technology has been applied to the field of energy research for examining the interior of stationary or slowly changing earth materi als, such as coal, shale and drilling cores. Processes involved in coal gasification and combustion have been monitored using time-lapse CT imagery to observe changes in density (e.g., thermal expansion, fracturing, emission of gases, consumption by combustion) during progressive heating in a controlled atmosphere. Core flooding experiments can now be carried out with CT scanning to aid in enhanced oil recovery and fluid mo bility control. For example, the permeability of materi als within core samples to various fluids at varying conditions of temperature and pressure can be deter mined. Such experiments might involve flushing a fluid through a core sample and monitoring the shape of the fluid fronts. By subtracting the images of the cores before and after flooding, the exact shapes of the fluid front was determined. Such core flood experiments allows the interior of the core sample to be observed without disturbing the sample. The sweep efficiency and flow paths of fluids of interest may now be studied on the scale of millimeters. The penetration of X-rays allows experiments to be performed with up to 4 inch diameter core samples.
Drilling fluids can be analyzed by CT scanning as such fluids are characterized by high density brines, In accorance with the present invention, there is provided a method for determining the multi-phase fluid saturation in a porous media. A sample of the porous media is scanned with X-rays of differing ener gies and computed tomographic images are produced. The multi-phase fluid is extracted from the sample. The fluid extracted sample is scanned with X-rays of the differing energies and computed tomographic images are produced. The extracted fluids are scanned with the X-rays of differing energies and computed tomographic images are produced. From these images, the X-ray mass attenuation coefficients for the sample and each phase of the extracted fluid are determined for the dif fering energies of X-rays. From the X-ray mass attenua tion coefficients, the weight fractions and volume frac tions of each phase of the extracted fluid are deter mined.
In a further aspect, the fluid-extracted sample of po rous media is air filled prior to being X-ray scanned. During excessive scanning times, the sample will be cooled, such scanning times being in the order of up to one minute or longer.
BRIEF DESCRIPTION OF THE DRAWING
The sole FIGURE illustrates a computed tomogra phy system for use in the method of the present inven tion.
DESCRIPTION OF THE PREFERRED EMBODIMENT
The method of the present invention applies conven tional CT scanning to the determination of fluid satura tion in porous media. More particularly, the present invention is applied to the determination of the oil, gas and brine content of core samples taken from subsurface formations of interest.
Computed tomography (CT) produces a display or image of the density distribution in a cross-section or transverse slice of a material sample, such as a core sample from a subsurface formation. Such CT image can be produced for a core sample by use of the CT scanning system illustrated in the FIGURE. X-ray en ergy provided by the X-ray tube 10 passes through the core sample 11 and falls on the detector array 16. Rota tion and indexing of core sample 11 within the X-ray fan beam 15 is provided by the gantry 20. After a desired number of scans are completed for a sample slice, the sample is indexed one slice width through the X-ray fan beam to place the next adjacent sample slice within the path of the X-ray fan beam. In this manner, a 3-D tomo graphic presentation can be made of the entire sample by compositing the cross-sectional views of each of the scan slices. Such a CT scanning system, while not form ing a part of the present invention, is used in accordance with the method of the present invention to determine the presence of several different fluid phases within the pore spaces of a core sample simultaneously. For a more 4,649,483 3 detailed description of a CT scanning system which may be utilized in the method of the present invention, reference may be made to each of the aforementioned U.S. patents and the referenced SCIENCE article, the teachings of which are incorporated herein by refer eCe.
In accordance with the present invention, a porous sample material with a plurality of fluid phases to be identified is positioned by the gantry 20 within the fan beam path 15 of X-ray energy. X-ray scans may be performed on any area of thematerial by indexing the gantry. Each scan is performed by rotating the sample 360° within the fan beam path 15 for a given index position. Scanning times up to one minute, or longer, may be employed as radiation limitations on the sample are not the same concern as in medical scanning. How ever, for such greater scan times, and especially if a plurality of scans are to be recorded for each sample slice, suitable cooling of the sample will be required, such as the mounting of the sample within a water bath.
Two distinct X-ray scans are carried out for each de sired index position, each scan being at a different X-ray energy level. Such energy levels may be 100 and 150 kilovolts, for example. After completion of the CT scanning, the sample material is flushed firstly with solvents and secondly with air to remove all the fluid phases. The extracted fluid, or samples thereof, is placed in a suitable container and saved. The air-filled sample material is then scanned with the same two X-ray energies. A difference is determined between the CT images recorded for this air-filled sample at two different energies and the CT images recorded for the fluid-saturated sample at the respective energies. The resulting CT images, one for each energy, provide fluid saturation information exclusive of porous media ef fects. Such images are, in effect, two-dimensional maps of "CT number'. The computer tomographic number (NCT) is a numerical measure of the X-ray absorption properties of the sample of material being scanned by the X-ray fan beam and is routinely provided by the CT scanning system, as is more fully described in the afore mentioned U.S. Pat. Nos. 4, 283, 629 and 4, 399, 509 . Such a CT number is defined as: NCT=(u M-R, w)/u wx 1000
(1) where u=X-ray mass attenuation coefficient, M=material (or fluid) scanned, and
We water.
For each X-ray energy there is a specific M and tw. From these measured CT numbers and previously mea sured values for u W(1) and u W(2), the X-ray mass attenu ation coefficients at each energy, uM(1) and M(2) for the material scanned is determined from equation (1). Next, the extracted fluid, or samples thereof, is scanned at the same two X-ray energies. Alternatively, the extracted fluid may be separated into each of its fluid phases and each phase scanned independently. The average intensity of the images resulting from these scans establish the CT numbers for the fluids. From these CT numbers, the X-ray mass attenuation coeffici ents (pla(t), pla(2), ub(1), pub(2), Ac(1) and pic(2)) are obtained where a, b and c represent the three fluids and (1) and (2) represent the two scan energies.
The mass attenuation coefficient for a mixture is: 
where X is the weight fraction of material i. Therefore, for the three fluid phases in the material sample, the mass attenuation coefficient for each energy is:
till M(1)=Xala (1)+Xbub (1)+Xcuc (1) 
LM (2) 
These two equations can then be combined with:
to create a series of three equations with three un knowns X, Xb and X for the weight fractions of the three fluid phases. After determining the weight fractions of the three fluid phases, the volume fractions are determined by multiplying the weight fraction for each fluid phase by the density of that phase.
While preferred embodiments of the method of the present invention have been described and illustrated,
